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Abstract
A simple perforation prediction model which describes the size of the hole created in a thin metallic plate is presented
and compared to hypervelocity impact experiments. The new mechanics model is based on the 1959 Charters model,
but takes into account the initial compressive wave on impact by replacing the characteristic deformation stress
with the Hugoniot elastic limit. The model predictions are compared to experiments performed with tantalum and
steel spherical projectiles impacting steel targets at 1 to 3 km/s using a unique two-stage light-gas gun facility. A
statistically signiﬁcant improvement in the energy-based modiﬁed Charters model is shown over the original, with
particular improvement when target and projectile are of diﬀerent materials.
c© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Hypervelocity Impact
Society.
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Nomenclature
D perforation depth (m)
E elastic modulus (Pa)
H perforation diameter (m)
P mean pressure (Pa)
S deformation stress (Pa)
Y yield stress (Pa)
c material longitudinal wave speed (m/s)
d projectile diameter (m)
m projectile mass (kg)
v projectile velocity (m/s)
ν Poisson’s ratio
τ shear stress (Pa)
ρp,t projectile, target density (kg/m3)
σL,P longitudinal, transverse stress (Pa)
σHEL Hugoniot elastic limit (Pa)
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1. Introduction
The population of debris particles in Earth’s orbit continues to grow, demanding the development of space
assets that are increasingly tolerant of high velocity impact strikes. The United States Space Command
catalog lists approximately 8,500 pieces of tracked space debris in Earth’s orbit, over 50,000 pieces of
untracked debris 1 cm in diameter or greater, and estimate trillions more untracked less than 1 cm in
diameter [1]. Consequently, an understanding of the damage mechanics that correlate to spacecraft shielding
performance is necessary.
1.1. Perforation Prediction
The ballistic limit describes the threshold where a speciﬁc shield thickness just stops a given size orbital
debris or meteoroid from perforation (or shield failure), and along with the perforation diameter, are impor-
tant factors in spacecraft design. Whipple shields, ﬁrst posed by Fred Whipple in 1947, remain a standard
device used for micrometeroid and space debris break up, and consist of thin metal plates placed outboard
of the space vehicle’s inner structural wall. Numerous thin plate perforation (or hole prediction) equations
have been developed since the 1960s. A review of some of the most common ballistic limit equations used
in single wall penetration developed for spacecraft shielding is presented by Hayashida and Robinson [2]. A
more comprehensive review of penetration theory is presented by Herrmann and Wilbeck [3], and perforation
prediction equations of thin plates by Hill [4].
The vast majority of these perforation prediction equations are empirical and semi-empirical in nature,
derived from phenomenological characteristics based on geometrical and material properties of a given
projectile and target under speciﬁc impact conditions. This paper focuses on developing a simple mechanics-
based model considering both energy balance and impact wave mechanics, in order to understand perforation
characteristics of thin metallic plates that may directly correlate to the shielding performance.
1.2. Perforation Evolution
In this study, perforation is deﬁned as the point that the projectile has completely penetrated through
the thickness of the target plate. The evolution of perforation begins with penetration, where a “bulge” is
developed on the stern side of the target. Initial target deformation is driven by intense membrane stresses
generated by the incoming projectile, and the resistance to failure is due to these membrane stresses. As
impact energy increases either due to the mass or velocity of the projectile, dynamic fracture occurs in the
bulge area [5]. Once the ballistic limit is reached and perforation has initiated, adiabatic shear begins to
dominate the perforation evolution, as shown in Figure 1.
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Figure 1. Steel sphere (1.8 mm diameter) after impact with steel target (2.67 mm thick) illustrating a penetration below the
target ballistic limit (Left), and a perforation above the target ballistic limit (Middle, Right). Both membrane stresses and
fracture are visible on the rear surface image.
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1.3. Charters Model
An analytically derived perforation prediction model for thin plates was developed by Charters in 1959
using principles from mechanics [6]. This model assumes that half of the incoming kinetic energy is used to
expand a ﬂuid shell around the impact site, and is related to the target plate deformation stress S by
∫ D
0
S × 2πD2dD = 1
4
mv2 (1)
where D is the impact penetration depth, and H is the penetration diameter (which is twice the penetration
depth), m is the mass of the projectile, and v is the incoming collision velocity. It follows that
S =
3
8
π
(
mv2
D3
)
, (2)
and by converting the projectile mass to density and volume of a sphere of known diameter d, the relation of
the penetration depth D, to the impact velocity v, the projectile density ρp, known as the Charters model
becomes
D =
1
2
d
(
ρpv
2
2S
) 1
3
. (3)
The appropriate stress to use for the deformation stress in the Charters model is not explicitly deﬁned.
Dunn and Sorenson have suggested a correlation of penetration characteristics with the shear modulus
[7, 8]. Regardless, the deformation strength in the Charters relation has historically been related to a
statically characterized material strength parameter, even though impact wave mechanics can play a large
role in penetration.
The Ames equation, developed directly from equation 3 by Charters and Summers [6], is given by
H = 4.5 d
(
ρpv
ρtc
) 2
3
(4)
where c as the longitudinal wave speed of the target, and ρt is the density of the target material. This
expression directly relates to equation 3 in that H, the penetration diameter, equals 2D, where D is the
penetration depth. When the target and projectile are of identical materials, equations 3 and 4 are equal
given S = E/48, where E is the material elastic modulus.
2. Experimental Methods
A unique two-stage light-gas gun facility jointly owned by the California Institute of Technology and
NASA’s Jet Propulsion Laboratory was used to experimentally investigate perforation predictions, shown
in Figure 2. Originally designed by Southwest Research Institute and completed in 2006 [9], this particular
gun is known as the Small Particle Hypervelocity Impact Range (SPHIR). The ﬁrst stage of the gun is
initiated by conventional smokeless gunpowder from a riﬂe action at the breech, detonated by a primer
to provide a rapidly expanding pressure wave that drives a polymer piston forward. The second-stage uses
hydrogen as the accelerating medium, and the piston rapidly compresses the light gas towards the accelerated
reservoir (AR). Inside the AR, the hydrogen gets compressed through a converging nozzle, and the piston
gets extruded and trapped inside. The projectile sits at the uprange end of the launch tube, separated by
a 0.08 mm thick Mylar burst disc. At a suﬃciently high pressure the disc bursts, releasing the hydrogen
gas onto the launch package. The launch package is then propelled down the ﬂight tube and into the target
chamber, both of which are under vacuum of 0.13 kPa (1 Torr) [10, 11].
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Table 1. 304 Stainless Steel Material Parameters
Poisson’s Density Elastic Modulus Yield Stress Longitudinal Wave Speed
Ratio [g/cm3] [GPa] [MPa] [km/s]
0.29 8.0 200 240 5.0
Figure 2. Small Particle Hypervelocity Impact Range, a two-stage light-gas gun facility used to conduct perforation performance
experiments on thin metallic plates.
2.1. Launch Package and Velocimetry
Spherical projectiles 1.8 mm in diameter of commercially pure tantalum (99%, 2N) with a density of
16.65 g/cm3, and 440C stainless steel with a density of 7.61 g/cm3 density were used. Targets of 304
stainless steel with material properties listed in Table 1 were held in place by negligible loads inside the
target chamber at zero degree obliquity. A thin ﬁlm of Mylar (12μm thick) was placed at a known distance
ahead of the target inside of the target chamber. High-speed photography from a Photron SA-1 (72000
frames per second) camera mounted at an optical port above the line of ﬂight was used to visualize both
the impact with Mylar ﬁlm and target. When the incoming projectile broke through the Mylar ﬁlm, a small
visible ﬂash is caught by the high-speed camera, as well as the impact ﬂash of the launch package on the
target. Both the distance between the Mylar ﬁlm and the target, as well as the amount of time between
each impact ﬂash is known, so the resulting velocity measurement is accurate within approximately ±7%.
2.2. Perforation Measurements
Perforation diameters of the targets were measured with an Olympus SZ61 Microscope using ImageJ1
software by creating a mask from a binary (black and white) post-mortem image of the impact site, and
calculating the average hole area to an uncertainty of ±3%. The perforation results are an average of three
1Image J software, developed by the National Institute of Health, public domain, downloaded 2009
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measurements taken of the largest diameter of the impact hole. In some cases multiple tests had nominally
equivalent impact velocities, so the average value of the penetration hole diameter at a given impact velocity
is used in perforation prediction models. Additionally, the impact damage zones were investigated and pen-
etration diameter veriﬁed with an Optimet ConoScan 3000, a non-invasive three-dimensional laser scanning
system.
3. Analytical Model
3.1. Modiﬁed Charters Model
During a high energy density impact event, the target material must handle both the high stress from
the impact and the high rate that the stress is imparted to the material system. For these reasons, the
initial compressive wave on contact plays a critical role in the resulting perforation. The original Charters
model suggests that a characteristic deformation stress, S, dictates perforation geometry. In this approach,
a shear stress resulting from the initial extreme pressure wave is used. Under very high velocity impact
conditions, where the impact speed is of the same order of magnitude or greater than the material wave
speed, this model assumes that the metallic target material will behave in a characteristically brittle manner.
A shear-stress versus pressure plot (or longitudinal and transverse stresses) for an idealized brittle material
undergoing a strong compressive wave is shown in Figure 3.
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Figure 3. Plot illustrating failure from a strong compressive wave with resolved shear stress for an idealized brittle material,
highlighting the Hugoniot elastic limit.
Both shear stress τ , and the mean pressure P , can be described in terms of the longitudinal and transverse
stresses, σL, σP . Shear stress is related by τ = −(σL − σP )/2, and the mean pressure is related to the
longitudinal and transverse stresses by P = −(σL + 2σP )/3. The point at which failure occurs in the
material is at the intersection of these, and is known as the Hugoniot elastic limit, σHEL [12]. The stress at
this point can be deﬁned in terms of elastic wave components, and the relation can be expressed in terms
of the target material properties as
σL = −σHEL = −
(
1− ν
1− 2ν
)
Y (5)
where Y is the yield stress, and ν is the Poisson’s ratio [12]. At this intersection point, an increase in mean
pressure has a constant maximum shear stress. Considering the entire incoming kinetic energy (by removing
5
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Table 2. Experimental perforation performance of a thin 304 steel plate from impact by a 440C steel sphere
Impact Perforation Modiﬁed Charters % Ames %
Velocity Diameter† Model, H Diﬀerence∗ Equation, H Diﬀerence∗
(km/s) (mm) (mm) (mm)
2.03 3.93 3.83 -2.6% 4.25 8.10%
2.48 4.56 4.38 -4.0% 4.85 6.46%
2.57 4.60 4.48 -2.6% 4.97 8.01%
2.67 4.73 4.60 -2.7% 5.10 7.89%
2.77 4.86 4.71 -3.0% 5.23 7.59%
†Perforation results averaged from 2 to 4 impact tests at a given velocity.
∗Deﬁned as the predicted value minus the actual value, divided by the actual value.
the 1/2 approximation of the original Charters model), using the penetration diameter H, and replacing the
characteristic deformation stress S, with the target Hugoniot Elastic Limit σHEL, the modiﬁed penetration
diameter prediction equation becomes
∫ H
0
σHEL × 2πH2dH = 12mv
2 (6)
H =
d
2
(
ρpv
2
σHEL
) 1
3
(7)
where H is the penetration hole diameter, d is the impactor diameter, v is impact velocity, and ρp is the
projectile density. While this modiﬁed Charters model does not take into account target thickness or impact
obliquity, it appears to provide a reasonable analytical approximation of the perforation diameter.
4. Results
Tantalum and steel spheres 1.8 mm in diameter where impacted at a normal angle of incidence onto
steel thin plates. The impact velocities ranged between 1 to 3 km/s as dictated by the density of the
projectile and the gas-gun system [10, 11]. Nearly thirty impact tests have been conducted in total, and the
resulting perforation diameters at nominally the same impact speeds were averaged together. A summary
of the averaged results are presented along with the predicted hole diameters from the Ames equation and
modiﬁed Charters model in tables 2 and 3, and graphically in Figures 4 and 5. In both target and projectile
material systems analyzed (steel-on-steel and tantalum-on-steel), the modiﬁed Charters model provided
a more accurate prediction of the penetration diameter. Further, the modiﬁed Charters model slightly
under-predicted the penetration hole diameter, whereas the Ames equation over-predicted in all cases.
The major improvement in the modiﬁed Charters model, however, is most apparent when the target and
material systems are of diﬀerent materials. When using tantalum projectiles (which have twice the density
of the steel projectiles), the penetration diameter predictions using the modiﬁed Charters model show an
improvement of 20% over the Ames equation predictions. This could be due to the fact that, given the
semi-empirical nature of the Ames equation which uses a ﬁtting parameter of 4.45 instead of a characteristic
strength as in the modiﬁed Charters model, the only material property correlations made with perforation
performance are through the target density and longitudinal wavespeed. In contrast, the modiﬁed Charters
model correlates perforation performance to the shear stress resulting from the initial impact compression
wave.
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Table 3. Experimental perforation performance of a thin 304 steel plate from impact by a 2N tantalum sphere
Impact Perforation Modiﬁed Charters % Ames %
Velocity Diameter† Model, H Diﬀerence∗ Equation, H Diﬀerence∗
(km/s) (mm) (mm) (mm)
0.932 3.00 2.82 -6.0% 4.46 32.9%
1.07 3.10 3.09 -0.3% 4.90 36.7%
1.14 3.46 3.23 -6.8% 5.11 32.3%
1.28 3.91 3.50 -10.8% 5.52 29.2%
1.37 3.75 3.64 -2.8% 5.78 35.1%
1.51 4.06 3.89 -4.0% 6.16 34.3%
1.65 4.28 4.13 -3.6% 6.54 34.6%
†Perforation results averaged from 2 to 4 impact tests at a given velocity.
∗Deﬁned as the predicted value minus the actual, divided by the actual value.
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Figure 4. Perforation results from 440C steel spheres impacting 304 stainless steel plates 150 mm× 150 mm× 2.6 mm at
velocities between 2 and 3 km/s.
221 L. Lamberson and A.J. Rosakis /  Procedia Engineering  58 ( 2013 )  214 – 222 
2
3
4
5
6
7
0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7
Experimental Data
Modified Charter Model
Ames Equation
Pe
rf
or
at
io
n
Di
am
et
er
[m
m
]
Velocity [km/s]
Tantalum on Steel Impacts
Figure 5. Perforation results from tantalum spheres impacting 304 stainless steel plates 150 mm× 150 mm× 2.3 mm at velocities
between 0.9 and 1.8 km/s.
5. Summary
In this study, steel and tantalum spheres (1.8 mm in diameter) were launched between 1 to 3 km/s
onto 304 stainless steel plates (2.67 mm thick). The comparison between experiments and the modiﬁed
Charters model showed a perforation diameter under-prediction of no more than 5% when the target and
projectile are of the same material, and no more than 11% for when the target and projectile are of diﬀerent
materials. In this regard, the modiﬁed Charters model, a simple analytical model developed for thin wall
perforation, appears to capture a reasonable perforation prediction. To this end, the Hugoniot elastic
limit used in the derivation has the potential to provide a reasonable dynamic physical property for the
characteristic deformation stress of the original Charter model. Further, the new model shows a possible
correlation between the total incoming kinetic energy of a projectile, impact wave mechanics, and the
resulting perforation diameter.
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